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ntroduction
Porcine reproductive and respiratory syndrome (PRRS)
s ﬁrst described in the United States of America in 1987
ffaber, 1989), and subsequently in Europe in 1990
ensvoort et al., 1991). The causative agent, PRRS virus
(PRRSV), is a single-strand positive-sense RNA virus of the
order Nidovirales, family Arteriviridae (Rossow, 1998). The
disease remains a signiﬁcant problem worldwide, with a
considerable economic impact for affected producers, due
to increased mortality, treatment costs, and reduced
weight gain and fertility (Neumann et al., 2005). More
pathogenic variants have been described in the past, and
since 2006, a highly pathogenic form of the virus has been
circulating in China and other parts of Asia, causing a
devastating economic impact (Zhou et al., 2008).
The mode of replication of the virus makes it prone to
high rates of mutation and recombination (Gorbalenya
et al., 2006). A high degree of diversity in the virus
population has recently been reported in the United States
(Fang et al., 2007), China (Li et al., 2009), Spain (Mateu
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A B S T R A C T
Porcine reproductive and respiratory syndrome (PRRS) continues to be a signiﬁcant
problem for European pig producers, contributing to porcine respiratory disease complex,
neonatal piglet mortality, infertility and occasional abortion storms. PRRS virus (PRRSV), a
member of the arterivirus family with two deﬁned major genotypes, has been shown to be
quite genetically diverse. In the present study, genetic analysis of multiple gene regions of
over 100 viruses isolated in Britain between 2003 and 2007 revealed that the diversity of
British strains is now far greater than during the early 1990s. All isolates belong to
genotype 1 (European). While some recent isolates are still very similar to early isolates, a
wide range of more diverse viruses is now also circulating. Interestingly, some isolates
were found to be very similar to a modiﬁed-live vaccine strain, and it is suggested that use
of the vaccine has affected the evolution pattern of PRRS virus strains in Britain. Evidence
of deletions in one viral gene, ORF3, and of genome recombination was also seen. A
molecular clock model using the ORF7 sequences estimates the rate of substitution as
3.8  103 per site per year, thereby dating the most recent common ancestor of all British
viruses to 1991, coincident with the ﬁrst outbreak of disease. Our ﬁndings therefore have
implications for both the diagnostic and prophylactic methods currently being used,
which are discussed.
Crown Copyright  2012 Published by Elsevier B.V. All rights reserved.
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d in supplementary table.
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(Stadejek et al., 2008). Despite the apparent increase in the
number of cases of PRRS in Great Britain, little information
has been available regarding the virus population since
1995 (Drew, 1996). Here, the geographical characteristics
of Britain as an island, the licensed use of only one type of
modiﬁed live vaccine, and the international trade condi-
tions with limited import of live pigs into the country,
argue for a relatively isolated evolutionary situation.
In this study, we aimed to obtain a comprehensive
picture of the current diversity of PRRSV strains circulating
in pig herds, using multiple gene regions, and compare this
to the previous analysis with samples from the early 1990s.
The strains analysed were obtained by virus isolation
rather than molecular detection, thus avoiding any
potential bias introduced by the choice of ampliﬁcation
primers.
2. Materials and methods
2.1. Virus isolation
PRRS viruses were isolated from clinical material
(tissues or serum) submitted for PRRS diagnosis, using
PRRS-free primary porcine alveolar macrophages (PAMs),
labelled with monoclonal antibody SDOW17 (Nelson et al.,
1993), and visualised by immunoperoxidase staining
(Wensvoort et al., 1992). One hundred virus isolates from
individual pigs from 62 farms were thus obtained for
analysis between 2003 and 2008. These included 23
isolates from a targeted investigation of ﬁnisher pigs,
described elsewhere (Jackson et al., 2006). Corresponding
case histories and herd vaccination records were available.
2.2. Sequence analysis
Nucleic acid was extracted using the QIAamp1 Viral
RNA Mini Kit (QIAGEN), and used to generate cDNA using
random primers and SuperScriptTM II reverse transcriptase
(Invitrogen). The cDNA was then used in PCR ampliﬁca-
tions using primers speciﬁc for viral genes as described in
Table 1. For nucleotide sequencing, the ampliﬁcation
products were puriﬁed using the QIAquick1 gel extraction
kit (QIAGEN). The Sanger sequencing reaction was
performed using BigDye chemistry. The sequence data
was analysed and assembled using SeqMan software
version 7.1.0 (Lasergene, DNASTAR). Alignment of the
sequences for comparison was performed with the
ClustalW algorithm (Thompson et al., 1994), using MEGA
software version 3.1 (Kumar et al., 2004). Phylogenetic and
molecular evolutionary analyses (neighbour-joining
method with bootstrap test) were conducted using MEGA
software version 3.1. Predicted RNA folding patterns were
investigated using mfold software (Mathews et al., 1999;
Zuker, 2003).
Estimation of nucleotide substitution rates and time-
scaled phylogenies were generated using BEAST v1.4.3
(Drummond and Rambaut, 2007). A model of the relaxed
molecular clock was used as this has been shown to
provide a better ﬁt to viral sequence data (Drummond
et al., 2006). Modelling was performed using the HKY85
model of nucleotide substitution with a gamma distribu-
tion of rate variation. Two separate runs of chain length
1  107 were combined to provide an effective sample
size > 200 for all parameters. After a burn-in of 10% runs
were combined to generate maximum clade credibility
trees from a sample of 18,000 trees.
3. Results
In total, nucleotide sequence data was obtained from
147 recent virus isolates and 16 isolates from the 1990s.
The ORF7 and ORF5 regions were examined initially, but
later only ORF5, and for strains considered to be of
particular interest, further regions were subsequently
analysed, providing a total of 108 ORF7, 14 ORF6, 120
ORF5, 17 ORF4, and 54 ORF3 complete sequences. Where
multiple isolates were available from the same farm, either
from one time-point or several, the levels of similarity
varied greatly, with some isolates having near-identical
gene sequences, and others being radically different.
Where duplicate or similar sequences were identiﬁed
Table 1
Oligonucleotide primers used for sequencing isolates of PRRS virus.
Primer Positiona Gene target Sequenceb
ORF3_Fwdc 12,365–12,383 ORF3 CACGCCAGGTACCAGGCCA
ORF3_Revc 13,236–13,255 ORF3 AAAGCATCTGCAGGTCCGCG
12500_Fwd 12,500–12,519 ORF3 TGTTTTTGGTTTCCATTGGC
12904_Rev 12,904–12,927 ORF3 CCCCCGTCTATTTGGTGGTGGTAA
ORF4_Fwdc 12,926–12,945 ORF4 GGCAATTGGATCCATTTGGA
ORF4_Revc 13,526–13,545 ORF4 AGAAGCAAGCTTGCGGAGTC
13187_Fwd 13,187–13,210 ORF5 AGTACATCACGATAACGGCTAACG
ORF5_Fwdc 13,446–13,465 ORF5 GAGGTGGGATCCAACATTG
ORF5_Revc 14,125–14,144 ORF5 CTAGCACAAGCTTTTGTGCG
ORF6_Fwdc 14,061–14,080 ORF6 CCCTTGACGAGCTCTTCGGC
ORF6_Revc 14,630–14,649 ORF6 CCATCGGATCCGTACTTTTC
P71d 14,564–14,582 ORF7 GCTGTTAAACAGGGAGTGG
P72d 15,029–15,049 ORF7 CGCCCTAATTGAATAGGTGAC
ORF7_Fwdc 14,581–14,600 ORF7 GGTTAACCTCGTCGACTATG
a Position relative to the published sequence of the Lelystad virus (Genbank accession M96262).
b Sequence in 50–30 direction.
c Meulenberg et al. (1995).
d Guarino et al. (1999).
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 ORF7
Ninety-two recent isolates, 16 isolates from the 1990s,
 the prototype Lelystad virus were compared for the
7 sequence analysis. All sequences were 387 base pairs
g, encoding the complete 128 amino acid long nucleo-
sid protein. The nucleocapsid is the most abundant viral
tein, is immunogenic, and is thought to be multi-
ctional, locating to the nucleus of infected cells as well as
 cytoplasm (Snijder and Meulenberg, 1998). The degree
ucleotide identity ranged from 100% to 86.9% (n = 65,
an 94.1%). This compares to a range from 100% to 97.9%
an 99.1%) when examining only the 1990s isolates.
Analysing the speciﬁc nucleotide changes seen, 237 of
 387 nucleotide positions remained unchanged in any
ate. Of the positions that did vary, 88 featured
synonymous substitutions, while 62 featured non-synon-
ymous substitutions. The total number of synonymous
changes was 900, versus 488 non-synonymous changes.
A phylogenetic tree showing the relationship of British
isolates compared to 468 other worldwide isolates is
shown in Fig. 1A. Further analysis of the relationship
between all of the British isolates and the Lelystad
European reference virus underlines the increased varia-
bility currently observed (Fig. 2A), whereas strains
analysed early after the ﬁrst detection of PRRSV in Britain
(including the British reference strain H2) all cluster
closely with the Lelystad prototype virus, the ﬁrst
European isolate described (Wensvoort et al., 1991). In
addition to the clades containing almost entirely British
isolates, some contain sequences derived from other
countries in western Europe including Belgium, France,
Germany, Hungary, Poland, Spain and the Netherlands. A
minority of British isolates are grouped apart from the rest,
one being clustered with a sequence from Spain
(DQ057992), one with sequences from Spain and Serbia
(GQ451688 and GU930382), and ﬁve being clustered with
sequences from Austria and Hungary (GU930373 and
GU930369). None of the British sequences fall within the
divergent eastern European subgroups.
Examining the deduced amino acid sequences, 80 of
the 128 positions were conserved in all of the isolates.
1. Phylogenetic analysis of PRRSV nucleotide sequences as indicated. Alignment of the sequences was performed with the ClustalW algorithm, and
logenetic analyses (neighbour-joining method with bootstrap test, 1000 replicates) were conducted using MEGA software version 3.1. The scale bar
esents ﬁve nucleotide changes per hundred. Genotype 2 (North American) is found in North America, Asia, and Scandinavia, and now in some other
s of Europe. The highly pathogenic Asian viruses form a small cluster in this genotype. Genotype 1 (European) viruses are found in Europe, but also in
 and North America, again in clusters forming at least three distinct subtypes. The ORF5 gene clearly shows more variability than the ORF7 gene. Based
he ORF5 analysis, all of the British isolates analysed share one presumed common ancestor, whereas the ORF7 analysis suggests multiple introductions
RRSV into Britain are likely. (A) ORF7 nucleotide sequences from 92 recent British isolates, 16 British isolates from the 1990s, and 468 Worldwide
tes. The British sequences are indicated by black circles. (B) ORF5 nucleotide sequences from 105 recent British isolates, 15 British isolates from the0s, and 751 Worldwide isolates.
J.-P. Frossard et al. / Veterinary Microbiology 162 (2013) 507–518510Twenty-nine positions varied in more than one isolate, and
14 positions varied in more than 10 isolates. Both cysteine
residues (positions 27 and 76), thought to be the crucial for
homodimer formation of the nucleocapsid were conserved
in all isolates, as was the putative nonapeptide linear B cell
epitope (positions 80–88) described previously (An et al.,
2005). Fig. 3 shows a summary of the consensus sequence,
conserved residues, and substitution rates. The degree of
amino acid identity ranged from 100% to 84.5% (n = 65, mean
93.9%). This compares to a range from 100% to 93.5% (mean
98.9%) when examining only the 1990s isolates.
3.2. ORF5
A total of 105 recent isolates, 15 isolates from the 1990s,
and the Lelystad virus were compared with regard to the
ORF5 sequence. All sequences were 606 base pairs long,
encoding the complete 201 amino acid long major
envelope glycoprotein (GP5), which is essential for virion
assembly (Snijder and Meulenberg, 1998). The degree of
similarity ranged from 100% to 82.0% (n = 83, mean 91.7%).
This compares to a range from 100% to 96.4% (mean 97.8%)
when examining only the 1990s isolates.
The global analysis including 751 other published
sequences shows that the gene for GP5 is more diverse
than that for the nucleocapsid (Fig. 1B). All British isolates
clearly fall within genotype 1 (European), but are distinct
from the recently described eastern European subgroups.
Since the 1990s British viruses have evolved so much that
they now form a wide diverse clade, rather than a discrete
cluster, such as was seen for the early British isolates
(Fig. 2B) and the recent highly pathogenic isolates from
Asia. The global topology suggests that all of the British
isolates have a single predicted common ancestor, possibly
Fig. 2. Phylogenetic analysis of PRRSV nucleotide sequences as indicated. Alignment of the sequences was performed with the ClustalW algorithm, and
phylogenetic analyses (neighbour-joining method with bootstrap test) were conducted using MEGA software version 3.1. The scale bar represents one
nucleotide change per hundred (A and B) or 5 changes per thousand (D). The circled areas show the close relationship of all the 1990s isolates, compared to
the diversity of the more recent viruses. The rectangle in the ORF5 analysis shows a cluster of vaccine-like isolates. (A) ORF7 nucleotide sequences from 92
recent and 16 1990s British isolates (all designated with black circles) and the Lelystad reference strain, in context with other published genotype 1
sequences. The sequence for the Lelystad virus is the same as for several early UK isolates. (B) ORF5 nucleotide sequences from 105 recent and 15 1990s
British isolates (all designated with black circles) and the Lelystad reference strain, in context with other published genotype 1 sequences. (C) The close-up
from the ORF5 analysis shows the considerable similarity of six recent ﬁeld isolates to the vaccine strain. (D) Nucleotide sequences spanning the ORF3 to
ORF7 region (2581 nucleotides) from 9 recent British isolates, two British isolates from the 1990s, the Lelystad reference strain, and the Porcilis vaccine
strain. The circled area shows the close relationship of two isolates and the vaccine strain. Isolates NY2, 236, 265, 267, 333, 1132, and 1133 are included in
the analysis as outgroups for comparison with the vaccine-like and reference isolates.
Fig. 3. (A) Amino acid consensus sequence for the nucleocapsid protein, derived from 92 recent PRRSV isolates from Britain. Conserved cysteine residues are
highlighted in orange. The conserved putative linear B cell epitope is highlighted in pink. (B) Histogram showing the number of substitutions found at each
position, from the 92 recent isolates. 80 of the 128 positions were conserved in all of the isolates, while 29 positions varied in more than one isolate, and 14
varied in more than 10 isolates. Both cysteine residues (positions 27 and 76) thought to be the crucial for homodimer formation of the nucleocapsid were
conserved in all isolates, as was the putative nonapeptide linear B cell epitope (positions 80–88) described previously. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 4. (A) Amino acid consensus sequence for the GP5 envelope protein, derived from 105 recent isolates. The conserved cysteine residues are highlighted in
orange. The three putative N-glycosylation sites are highlighted in green. The predicted signal peptide sequence is highlighted in pink. (B) Histogram
showing the number of substitutions found at each position, from the 105 recent isolates. 120 of the 201 positions were conserved in all of the isolates, 67
positions varied in more than one isolate, and 38 positions varied in more than 10 isolates. 7 cysteine residues (positions 3, 16, 50, 117, 124, 133 and 136),
thought to be the involved in heterodimer formation with the M protein, were conserved in all isolates, and an eighth (position 24) was not conserved in 11
isolates. The putative signal peptide sequence (positions 1 to 33) was conserved in all isolates. Putative N-glycosylation sites varied, with one (positions 53–
55) being conserved in all isolates, one (positions 46–48) being conserved in all but 6 isolates, and one (positions 37–39) being conserved in all but 13
isolates. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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J.-P. Frossard et al. / Veterinary Microbiology 162 (2013) 507–518512representing a single early introduction into the country.
The grouping also includes sequences derived from
Austria, Germany, Spain and The Netherlands.
Examining the deduced amino acid sequences, 120 of
the 201 positions were conserved in all of the isolates.
Sixty-seven positions varied in more than one isolate, and
38 positions varied in more than 10 isolates. Seven cysteine
residues (positions 3, 16, 50, 117, 124, 133 and 136),
thought to be the involved in heterodimer formation of
GP5 with the M protein, were conserved in all isolates
(therefore likely to be crucial), and an eighth (position 24)
was conserved in all but 11 isolates (therefore considered
not crucial). The putative signal peptide sequence (posi-
tions 1–33) was conserved in all isolates. Putative N-
glycosylation sites varied, with one (positions 53–55)
being conserved in all isolates (therefore likely to be
essential), one (positions 46–48) being conserved in all but
6 isolates, and one (positions 37–39) being conserved in all
but 13 isolates (Fig. 4).
3.3. ORF5a
A total of 123 recent isolates and 12 isolates from the
1990s were compared with regard to the ORF5a sequence.
All sequences were 132 base pairs long, encoding the
complete 43 amino acid long protein recently described
(Firth et al., 2011; Johnson et al., 2011). The degree of
nucleic acid similarity ranged from 100% to 82.5% (mean
94.2%). This compares to a range from 100% to 96.1% (mean
98.6%) when examining only the 1990s isolates.
Examining the deduced amino acid sequences (see
Fig. 5), 22 of the 43 positions were conserved in all of the
isolates. Fifteen positions varied in more than one isolate,
and four positions varied in more than 10 isolates. The
majority of isolates featured the conserved amino-term-
inal MF sequence and the R/Q rich motif near the carboxyl
terminus (Johnson et al., 2011). The cysteine residue at
position 30 was maintained in every isolate. A putative
transmembrane domain (Firth et al., 2011) spanning
positions 12–30 is well conserved overall, with hypervari-
able amino acids at positions 18 and 26.
3.4. ORF3
A total of 40 recent isolates, 14 isolates from the 1990s,
and the Lelystad virus were included in the analysis of the
ORF3, coding for GP3, a minor envelope glycoprotein,
whose function is not resolved (Snijder and Meulenberg,
1998). Interestingly, the sequences varied in length from
723 to 798 base pairs long, making the resulting envelope
glycoprotein between 240 and 265 amino acids long.
When counting each deletion as a substitution, the degree
of nucleotide identity ranged from 100% to 85.0% (n = 27,
mean 92.0%). This compares to a range from 100% to 95.2%
(mean 98.5%) when examining only the 1990s isolates, all
of which were 798 nucleotides long. Analysing the
deduced amino acid sequences, 170 of the 265 positions
were conserved in all of the isolates. Eighty-four positions
varied in more than one isolate, and 31 positions varied in
more than 10 isolates. Seven cysteine residues (positions
17, 33, 54, 57, 75, 82 and 144) were conserved in almost all
isolates, and two more (positions 5 and 13) were conserved
in all but 6 isolates. The putative signal peptide sequence
was identiﬁed (positions 1–22) in all isolates. Putative
Fig. 5. (A) Amino acid consensus sequence for the ORF5a protein, derived from 123 recent isolates. The conserved amino-terminal methionine and
phenylalanine residues are highlighted in orange. The putative transmembrane domain is highlighted in yellow. The conserved endodomain arginine and
glutamine residues are highlighted in pink. (B) Histogram showing the number of substitutions found at each position, from the 123 recent isolates. 22 of
the 43 positions were conserved in all of the isolates, 16 positions varied in more than one isolate, and 4 positions varied in more than 10 isolates. The
conserved amino-terminal methionine and phenylalanine residues described for the ORF5a of all arteriviruses were maintained, except for a phenylalanine
to leucine substitution in three isolates. The putative transmembrane domain contains well conserved regions and some highly variable regions (positions
18, 21 and 26). The endodomain arginine and glutamine rich region was well conserved, with a glutamine to arginine substitution at positions 35 or 36 in
four isolates, and a glutamine to lysine substitution at position 33 in two isolates. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of the article.)
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52, 151–153, 159–161, and 194–196) being conserved
ll isolates, one (positions 262–264) being conserved in
but 10 isolates, and one (positions 27–29) being
served in all but 20 isolates. A seven residue repeat
tif (positions 207–213) of unknown function, but also
mally found in ORF2 (Oleksiewicz et al., 2002), was
served in all isolates. Four different patterns of deletion
 early termination variants were found. One featured
single amino acid deletion (position 249) and
inated at position 256. Sixteen isolates featured a
mino acid deletion (positions 235–238, and 249). All
he deletions are in the area of overlap with ORF4, so
 GP4 protein size is likely to also be affected in these
isolates. Finally, three isolates terminated at position
, and two terminated at position 249, all without any
etions. Fig. 6 shows a summary of the consensus
uence, conserved residues, deletions, and substitu-
 rates.
3.5. Vaccine-like isolates
The phylogenetic analysis of ORF5 nucleotide sequence
data revealed a group of six virus isolates which were very
similar (>99.2% similarity) to the live vaccine strain used in
Britain (see Fig. 2C). Additional sequencing across ORF4
and ORF6 showed that two of the isolates had a 99.6% and
99.7% similarity with the vaccine strain sequence over the
entire region of the genome from ORF3 to ORF7 (2581
nucleotides), while a third isolate (472-05) showed only a
94.4% similarity overall, despite 99.5% similarity in the
ORF5 region (Fig. 2D). Further analysis of the sequence
from this isolate suggests that it probably results from a
double recombination event between a diverse ﬁeld strain
of PRRSV and the vaccine strain or a ‘‘vaccine-like’’ strain.
Fig. 7A shows an alignment of the sequences from this
isolate and the vaccine strain, highlighting the likely areas
of recombination. Examination of the region surrounding
ORF5 in the two viruses revealed the presence of
6. (A) Amino acid consensus sequence for the GP3 envelope protein, derived from 40 recent isolates. The conserved cysteine residues are highlighted in
ge. The putative N-glycosylation sites are highlighted in green. The predicted signal peptide sequence is highlighted in pink. The conserved repeat
ence also found in ORF2 is highlighted in blue. (B) GP3 envelope protein carboxy-terminal structure (from position 230 to the end) of the 40 recent
tes, showing deletions in blue, and termination sites in red. (C) Histogram showing the number of substitutions found at each position (where deletions
ositions downstream of the termination site are counted as a substitution), from the 40 recent isolates. 170 of the 265 positions were conserved in all of
isolates, 84 positions varied in more than one isolate, and 31 varied in more than 10 isolates. 7 cysteine residues (positions 17, 33, 54, 57, 75, 82 and 144)
e conserved in almost all isolates, and two more (positions 5 and 13) were conserved in all but 6 isolates. The putative signal peptide sequence was
ent (positions 1–22) in all isolates. Putative N-glycosylation sites varied, with 5 (positions 42–44, 50–52, 151–153, 159–161, and 194–196) being
erved in all isolates, 1 (positions 262–264) being conserved in all but 10 isolates, and 1 (positions 27–29) being conserved in all but 20 isolates. A 7
ue repeat motif (positions 207–213) of unknown function, but also normally found in ORF2, was conserved in all isolates. 4 different patterns of
tion and early termination variants were found: 1 featured a single amino acid deletion (position 249) and terminated at position 256. 16 isolates
ured a 5 amino acid deletion (positions 235–238, and 249). Finally, 3 isolates terminated at position 241, and 2 terminated at position 249, all without
deletions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 7. (A) ClustalW alignment of the nucleotide sequences spanning the ORF3–ORF7 region (2581 nucleotides) from the Porcilis vaccine virus and ﬁeld
isolate 472-05, with mismatches in the Porcilis sequence boxed. The putative recombination site is shown by a thick dashed line, essentially comprising the
entire ORF5 region, where it is suggested that the ﬁeld virus acquired vaccine or vaccine-like genetic material, and a second recombination event occurred,
replacing the 30 end of the genome with the original, or another, ﬁeld virus. The position of predicted stem-loop structures surrounding the recombination
sites is indicated. (B) The two predicted stem-loop structures ﬂanking the recombination sites are shown at the nucleotide level.
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pt a stem-loop structure, ﬂanking the putative
ombination site (see Fig. 7B). These may represent
ombination ‘‘hotspots’’, where the hairpin initiates
ociation of the RNA-dependent RNA polymerase
plex, allowing a subsequent template switch.
 Application of a relaxed molecular clock
The analysis of ORF7 and ORF5 suggested predomi-
tly a single incursion of PRRSV into Britain. The
nment of ORF7 sequences (including 9 British isolates
 the 1990s) was used to estimate the substitution rate
this gene using a relaxed molecular clock (Drummond
al., 2006). The substitution rate was estimated as
  103 (95% highest probability distribution [HPD]:
  103 to 5.4  103), corresponding to a time of the
st recent common ancestor (tMRCA) for the entire
logeny as occurring in 1991 (95% HPD: 1988–1993)
. 8).
iscussion
The recent emergence of highly pathogenic strains of
S virus in North America (Han et al., 2006) and
ecially in Asia (Li et al., 2007; Normile, 2007; Tian et al.,
7; Tong et al., 2007), as well as reports of greater
hogenicity associated with at least one eastern
opean virus (Karniychuk et al., 2010; Stockhofe-
wieden et al., 2011), has highlighted the potential for
mutants. This demonstrates a need to monitor the
evolution of existing virus strains in order to detect the
emergence of any with such an increased virulence. It also
highlights the need to review the efﬁciency of diagnostic
tests designed to detect PRRS virus and antibody, as well as
the potential efﬁcacy of vaccines.
During the period from 2003 to 2008, 147 distinct PRRS
viruses were isolated from clinical material submitted
from conﬁrmed or suspected outbreaks of PRRS in Britain.
To date, no signiﬁcant correlation of genotype 1 PRRS virus
isolates has been found relating to disease severity. Also in
this study, virulence did not cluster in particular clades of
the viruses, nor was any signiﬁcant grouping found
relating to disease presentation (respiratory versus repro-
ductive).
While using virus isolation rather than molecular
detection to select samples for analysis avoided any
potential bias due to the choice of ampliﬁcation primers,
it added other restrictions such as requiring the presence of
viable virus able to propagate in the cells used. Due to the
technical difﬁculty in isolating virus from reproductive
disease outbreaks, isolates from respiratory disease were
over-represented in this study. The use of a single
monoclonal antibody to identify PRRSV in culture is
another potential restriction on the diversity observed.
The antibody SDOW17 binds to a well-conserved epitope
of the nucleocapsid protein, located between amino acid
positions 18 and 52 (Wootton et al., 1998). However, at
least two genotype 2 PRRS isolates so far described (one
ﬁeld and one vaccine) do not react with this antibody
8. Time-scaled maximum clade credibility tree generated using a relaxed molecular clock for ORF7 sequences of 56 recent and 9 earlier (1990s) UK
tes.on et al., 1995; Nelson et al., 1997). However, nooing changes in the virus to result in highly pathogenic (Yo
J.-P. Frossard et al. / Veterinary Microbiology 162 (2013) 507–518516genotype 1 viruses have thus far been described which this
antibody does not recognise.
Speciﬁc nucleotide sequence data was obtained from
various regions of the virus genomes, starting with ORF7
which is generally more conserved and therefore routinely
used for diagnostic purposes. Comparisons were made
using this data, sequences from British isolates from the
1990s, as well as published information from other
countries. All of the isolates analysed belonged to genotype
1 (Fig. 1), providing additional proof that genotype 2,
introduced in Scandinavia and also found elsewhere in
continental Europe (Balka et al., 2008), has not yet reached
Britain. It therefore remains vital that the risk of importing
genotype 2 virus from continental Europe or elsewhere is
recognised and precautions are taken to reduce this risk.
Nucleotide sequence comparisons were generally con-
sistent whichever of the three gene regions were
examined. More variation than in ORF7 was seen in the
other genes, where ORF5 is routinely used to screen for
potential epidemiological links, and the broader diversity
on the global scale is reﬂected in Fig. 1B compared to
Fig. 1A. The most fundamental changes however were seen
in ORF3 (Fig. 6) and ORF4 (data not shown) where the size
of the gene product was sometimes affected by deletions or
early terminations.
The detailed analysis of the resulting protein sequences
for the nucleocapsid, GP5, GP5a and GP3 (Figs. 3–6)
demonstrated that dispensible areas identiﬁed previously
(Oleksiewicz et al., 2000) undergo higher mutation rates
than those crucial for protein folding and function, such as
cysteine residues forming disulphide bonds, as well as n-
glycosylation sites and signal sequences.
The observed increase in diversity of circulating PRRSV
strains from the 1990s to the present is considerable, as the
similarity of sequences dropped from 95% to 84% for some
regions of the genome.
The data from ORF5 sequence analysis indicates that
the population of British viruses so far characterised is
descended from a common ancestral virus similar to the
Lelystad and British H2 reference strains. This initial
incursion is predicted to have occurred in 1991, which
corresponds well with the available clinical and epide-
miological data for the emergence of PRRS in Britain
(Edwards et al., 1992). The similarity of early isolates from
the Netherlands, Denmark, and Britain suggest a common
origin for most of the cases in western Europe (Forsberg
et al., 2001). The analysis of ORF7 sequences however
suggests that beyond the initial introduction, three or four
additional more recent incursions of PRRS virus into Britain
may have occurred. This apparent discrepancy may be
explained by the fact that different data sets are being used
for both analyses, as matching ORF5 and ORF7 sequences
from the same virus are rarely available, as well as by
recombination events whereby the ORF5 or 7 sequences
arise from different origins. The lack of sequence data from
Britain and elsewhere between 1992 and 2004, and the
limited amount of data available before and after that
period preclude any certainty in the conclusions reached
from the analyses, as it is quite possible that additional
incursions of new virus strains have taken place, but have
It is notable that virus strains similar to H2 and Lelystad
continue to be isolated in Britain, showing relatively few
changes in their genes encoding structural proteins. While
these viruses contain too many nucleotide changes to
represent re-isolation of virus from vaccinated animals, it
is not inconceivable that they originate historically from
vaccine, rather than representing continued circulation of
particularly well-adapted ﬁeld strains found in the 1990s.
The branch length of the phylogenetic trees derived from
this study supports the hypothesis that use of the modiﬁed
live vaccine in Britain has exerted a selective pressure on
the virus population, so that viruses quite different from
the vaccine strain continue to evolve rapidly, while viruses
similar to the vaccine are prevented from doing so as
quickly. This is consistent with the idea that the use of this
live vaccine is effective in restricting the circulation of
some virus strains more effectively than others, indirectly
pointing to a decreased efﬁciency towards challenge with a
more diverse strain.
The discovery of ﬁeld viruses very similar to the live
vaccine virus was not entirely unexpected, since it has
been previously reported elsewhere (Madsen et al., 1998;
Nielsen et al., 2001, 2002; Kiss et al., 2006; Gross Beilage
et al., 2009), but their isolation, in the absence of other ﬁeld
virus, from animals showing clinical signs of PRRS and
their presence where vaccine has not been used is possibly
cause for concern. Furthermore, the ﬁnding of a ﬁeld virus
which had undergone recombination with a vaccine or
vaccine-like virus highlights an additional mechanism for
the generation of ever-more diverse viruses. Such recom-
bination events between ﬁeld strains have previously been
proposed for PRRSV (Yuan et al., 1999; Forsberg et al.,
2002; Liu et al., 2011).
The demonstration of an increasing diversity among the
population of PRRS viruses conﬁrms earlier reports (Mateu
et al., 2006; Fang et al., 2007; Li et al., 2009; Prieto et al.,
2009; Shi et al., 2010) and indicates that challenges for
diagnostic and immunisation methods increase accord-
ingly (Labarque et al., 2004; Indik et al., 2005). The
suggestion that using an attenuated vaccine may con-
tribute to the emergence of new virus variants (Liu et al.,
2011) highlights the need to better understand the
dynamics of vaccine virus shedding, evolution, and
recombination potential.
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